These experiments were designed to test the hypothesis that glides in frequency are detected and discriminated by monitoring changes in excitation level on the low-frequency side of the excitation pattern. Thresholds were measured for detecting an increase in the extent of a frequency glide, for various standard extents ͑transition spans͒. The center frequency of each stimulus was roved, to prevent subjects from using the start or endpoint frequencies of the stimuli as cues. The level was either fixed at 70 dB SPL, or changed linearly in dB/s by an amount that varied randomly in extent and direction, keeping the level at the midpoint of the glide at 70 dB SPL. These random changes in level were intended to disrupt cues based on monitoring changes in excitation level on one side of the excitation pattern. For some conditions, performance was too good to be explained by subjects monitoring the start or endpoint frequencies of the stimuli. Performance was also too good to be explained in terms of the discrimination of changes in excitation level on one side of the excitation pattern. Thresholds, expressed as a proportion of the equivalent rectangular bandwidth ͑ERB͒ of the auditory filter, did not vary greatly with center frequency ͑0.5, 2, or 6 kHz͒, suggesting that discrimination did not depend strongly on information derived from phase locking. Glide duration ͑50 or 400 ms͒ and glide direction ͑upward or downward͒ also had little effect. Thresholds increased with increasing standard transition span, when that span was increased beyond 0.5 ERB. It is concluded that changes in glide extent per se can be discriminated, but this is not done by monitoring just one side of the excitation pattern.
INTRODUCTION
Traditionally, there have been two classes of theory to explain the ability to discriminate frequency changes in sinusoids. One class assumes that frequency discrimination is based on changes in the place distribution of activity in the auditory system. For example, Zwicker ͑1956, 1970͒ proposed a model for the detection of frequency modulation ͑FM͒ based on the concept of the excitation pattern. He suggested that FM could be detected if it resulted in a change in the amount of excitation greater than 1 dB at any point on the excitation pattern; the change in excitation level was assumed to be greatest on the steeply sloping low-frequency side of the excitation pattern. We have proposed a similar model, but one in which information is combined from all points of the excitation pattern ͑Moore and Sek, 1994͒. Zwicker's model has also been applied to the discrimination of successive tone pulses differing in frequency ͑pulsed tones discrimination͒ ͑Moore, 1973; Freyman and Nelson, 1986͒ . Although these models are based on excitation patterns derived from psychoacoustic data, it is generally assumed that the excitation pattern is related to a rate-place representation in the peripheral auditory system, i.e., it is related to the driven neural firing rate as a function of characteristic frequency, and does not depend on neural synchrony ͑phase locking͒ to the fine structure of the stimulus.
The slope of the excitation pattern at a given center frequency is closely related to the bandwidth of the auditory filter at that center frequency ͑Glasberg and Moore, 1990͒. Hence, models based on excitation patterns generally make the prediction that the threshold for detection of a frequency change at a given center frequency should be a constant proportion of the critical bandwidth or the equivalent rectangular bandwidth ͑ERB͒ of the auditory filter at that center frequency, regardless of the center frequency. Data on the frequency discrimination of pulsed tones generally do not conform well to this prediction ͑Moore, 1974; Glasberg, 1986, 1989; Sek and Moore, 1995͒ . However, the prediction holds reasonably well for the detection of FM ͑Zwicker, 1956; Zwicker and Fastl, 1990͒ , especially when the modulation is at a rate of 10 Hz or higher ͑Sek and Moore and Sek, 1996b͒ .
The alternative class of theory assumes that frequency discrimination is based on information contained in the temporal patterns of firing in the auditory nerve ͑phase locking͒ ͑Siebert, 1970; Goldstein and Srulovicz, 1977͒ . However, phase locking to sinusoids appears to break down above 4-5 kHz in the mammalian auditory nerve ͑Johnson, 1980; Palmer, 1995͒, so this mechanism probably does not work over the whole audible frequency range. Sek ͑1995, 1996b; Sek and Moore, 1995͒ have proposed that the mechanisms involved in frequency discrimination vary depending on the exact nature of the stimuli. They suggested, following Moore ͑1973͒, that the a͒ On leave from Institute of Acoustics, Adam Mickiewicz University, Matejki 48/49, 60-769 Poznan, Poland. frequency discrimination of pulsed tones depends mainly upon the use of phase locking information for frequencies up to about 4-5 kHz; above that frequency, only place information is available. For FM detection, the dominant mechanism was argued to depend on modulation rate; for very low modulation rates ͑around 2 Hz͒, a mechanism based on phase locking appears to be dominant, for carrier frequencies up to about 5 kHz. For higher modulation rates ͑above 10 Hz͒, a place mechanism appears to be dominant, for all carrier frequencies. For a review of the evidence supporting these ideas see Moore and Sek ͑1996a͒ .
To explain why phase locking information is used for low modulation rates but not for higher ones, Moore and Sek ͑1995͒ suggested that the mechanism based on phase locking may show a form of ''sluggishness'' akin to the sluggishness that has been observed in binaural processing of phase locking information Wightman, 1978, 1979͒ . The mechanism based on phase locking appears to sample the frequency at different instants in time, and it may be ineffective at high modulation rates because the stimuli change frequency too rapidly or spend insufficient time at frequency extremes.
The mechanisms underlying the detection and discrimination of frequency glides remain unclear. Dooley and Moore ͑1988a͒ measured thresholds for the detection of frequency glides in 500-ms tones over a wide range of center frequencies ͑500-8000 Hz͒. They compared the thresholds with the predictions of Zwicker's ͑1956͒ model. They used the excitation-pattern model of Moore and Glasberg ͑1987͒ to calculate the changes on the low-frequency sides of the excitation patterns produced by glides in frequency at threshold values. The changes varied somewhat with center frequency, and were somewhat smaller than the smallest detectable change in level. However, they concluded that ''the discrepancies are not large enough to provide strong evidence against the model.'' Madden and Fire ͑1996͒ measured thresholds for detecting frequency glides and for discriminating frequency glides of different extents ͑referred to as transition spans͒, using 50-ms tone glides. The thresholds were roughly a constant proportion of the ERB of the auditory filter over a range of center frequencies from 500 to 6000 Hz. They took this as support for an excitation-pattern model. In a second study ͑Madden and Fire, 1997͒, they used both a 50-ms duration and a 400-ms duration. Following the ideas about the sluggishness of the temporal mechanism described above, they suggested that a temporal mechanism might be able to track glides of long duration, since they have a relatively gradual rate of change of frequency, whereas it might not be able to track rapid frequency glides. However, they found that thresholds were roughly a constant proportion of the ERB of the auditory filter at both durations, over a wide range of center frequencies. They concluded that the results for both durations were consistent with a mechanism that monitors the changes in excitation level at the most steeply sloping part of the excitation pattern evoked by the stimuli ͑the lowfrequency side͒.
One puzzling aspect of the results of Madden and Fire ͑1997͒ is that the thresholds were not affected by duration.
As they pointed out, the 400-ms stimuli remain near their start and endpoint frequencies for a longer time than the 50-ms stimuli. This extra time should allow more accurate sampling of the start and endpoint frequencies whatever mechanism is involved. Perhaps the lack of a duration effect reflects the operation of a mechanism that is specifically concerned with the discrimination of rates of change of frequency, rather than merely taking ''snapshots'' of the endpoints ͑Dooley and Moore, 1988a, b͒. If glide rate discrimination obeys Weber's law ͑Dooley and Moore, 1988b͒, then glide duration should have little effect on performance as a change in duration would change the glide rate of the two stimuli to be discriminated by the same factor.
In the present paper, we describe a replication and extension of the results of Madden and Fire ͑1996, 1997͒. The main new feature of our experiment was that we included conditions where large glides in level were superimposed on the stimuli. The glides in level varied randomly in direction ͑increasing versus decreasing level͒ and in extent from one stimulus to the next. This was expected to disrupt markedly the usefulness of cues based on monitoring changes in excitation level on one side of the excitation pattern. The rationale is similar to that used previously in tests of the excitation-pattern model as applied to the frequency discrimination of pulsed tones; in those experiments, random differences in level were applied to each stimulus ͑Emmerich et Moore and Glasberg, 1989͒ . Similarly, to test excitation-pattern models for the detection of FM, amplitude modulation with random modulator phase has been superimposed on the FM to be detected ͑Grant, 1987; Moore and Glasberg, 1989; Moore and Sek, 1996b͒. To understand the rationale in the present experiments, consider the task of discriminating an upward frequency glide of fixed extent ͑standard͒ from an upward glide of greater extent ͑signal͒. According to an excitation-pattern model this could be done by monitoring the low-frequency side of the excitation pattern; the signal glide would give a larger decrease in excitation level than the standard glide. In a two-interval forced-choice task, the signal would be identified as the stimulus giving the larger decrease in excitation level. The large superimposed random glides in level would be expected to disrupt such a cue for two reasons. First, on some trials, the decrease in excitation level on the lowfrequency side of the excitation pattern would be larger for the standard stimulus than for the signal stimulus. Second, discrimination of changes in level appears roughly to follow Weber's law, at least for reasonably large glide extents ͑Dooley and Moore, 1988b͒ . Hence, discrimination of the changes in excitation level produced by the frequency glides would be harder simply because these were superimposed on large changes in level produced by the level glides.
I. EXPERIMENT 1

A. General method
The method and stimuli were chosen to be very similar to those of Fire ͑1996, 1997͒ , so that the results would be directly comparable. Thresholds for detecting frequency glides and for discriminating frequency glides of dif-ferent extent were measured using 50-ms and 400-ms glides. Conditions were run both without and with superimposed random glides in level.
B. Procedure and stimuli
A two-alternative forced-choice task was used. In the glide detection task, the ''standard'' stimulus was a sinusoid of constant frequency and the ''signal'' stimulus was a sinusoid with gliding frequency whose direction ͑upward or downward͒ was fixed within a block of trials. In the glide discrimination task, the ''standard'' stimulus was a frequency glide of fixed extent ͑transition span͒, and the ''signal'' stimulus was a frequency glide of greater extent. Again, the direction of the glide was fixed within a block of trials. Subjects were required to identify the interval containing the signal stimulus. The transition spans are specified on an ERB scale, using the equation relating number of ERBs to frequency given by Glasberg and Moore ͑1990͒:
where F is frequency in kHz.
Nominal center frequencies of 500, 2000, and 6000 Hz were used. The standard stimulus had an overall extent of 0, 0.5, 1.0, and 2.0 ERBs, the same as used by Fire ͑1996, 1997͒ . The glides were linear on a linear frequency scale. However, for the limited transition spans used, the result is not very different from glides that are linear on an ERB scale. For example, for the 2000-Hz center frequency, the 2-ERB standard glide went from 1773 to 2253 Hz. At its midpoint in time, this glide had a frequency of 2013 Hz, which is very close to the frequency of 2000 Hz that would have occurred for a glide that was uniform on an ERB scale.
On average, the center frequencies of the standard and signal stimuli were equal within a given block of trials. However, the actual center frequency of each stimulus was randomized over a range of Ϯ1 ERB ͑total range of 2 ERBs, uniform distribution͒ to reduce the ability of subjects to perform the task by comparing the start or endpoint frequencies of the standard and signal stimuli. If the frequency change in the signal interval is greater than that in the standard interval by ⌬F, then the start and endpoint frequencies in the signal and standard intervals differ, by 0.5⌬F. Following arguments given by Green ͑1988, pp. 19-20͒, if the center frequency of each stimulus is randomly varied over a range R, then the change in start or endpoint frequency required to give 70.7% correct, assuming perfect resolution of frequency, is 0.235R. Therefore, given the 2-ERB randomization range used, the smallest possible threshold ͑expressed as ⌬F͒ that could be achieved by monitoring the start or endpoint frequency is 0.47ϫ2ϭ0.94 ERBs.
The transition span of the standard stimulus was fixed in ERBs, not in Hz. Thus if on a particular trial the actual center frequency was lower than the nominal center frequency, the transition span in Hz was also lower than the nominal value.
Three conditions were run. In one, the level of all stimuli was fixed at 70 dB SPL. This condition was similar to those used by Fire ͑1996, 1997͒ . In a second condition, glides in level were superimposed on all stimuli, keeping the level of the midpoint of each glide at 70 dB SPL. The glides were linear in dB/s and the total glide extent for each stimulus was chosen randomly from the ranges 10 to 20 dB, and Ϫ10 to Ϫ20 dB. In other words, the glides could be either increases or decreases in level, and their absolute value was between 10 and 20 dB. The third condition was similar, except that the absolute values of the total glide extents were in the range 30-40 dB.
Thresholds were measured using a two-down one-up adaptive procedure that estimates the 70.7% correct point on the psychometric function. Denote the difference in frequency extent between the standard and signal stimulus by ⌬F. At the start of a run, the value of ⌬F was chosen on the basis of pilot trials to be large enough to make the task reasonably easy. The value of ⌬F was changed by a factor of 1.5 until four reversals occurred. Thereafter it was changed by a factor of 1.25 and eight further reversals were obtained. The threshold for a run was estimated as the geometric mean value of ⌬F at the last eight reversals. Four runs were obtained for each condition. Subsequently, runs were rejected in cases where the standard deviation of the logarithm of the values of ⌬F at the last eight reversals was greater than 0.25. This happened in nine cases out of 1728. Therefore, thresholds reported are usually based on four runs, but occasionally on only three.
Stimuli were generated using a Tucker-Davis array processor ͑TDT-AP2͒ in a host PC, and a 16-bit digital to analog converter ͑TDT-DD1͒ operating at a 50-kHz sampling rate. They were attenuated ͑TDT-PA4͒ and sent through an output amplifier ͑TDT-HB6͒ to a Sennheiser HD414 earphone. This earphone is designed to mimic the free-field response of the ear. The response at the eardrum is not flat, but it does vary smoothly with frequency. It is possible that, in the condition with no glides in level in the electrical signal, the frequency glides resulted in glides in level in the acoustic signal that provided usable detection cues. However, the superimposed large glides in level in the other conditions would have prevented such cues from being useful.
On each trial, two successive stimuli were presented, the signal and the standard. The order of the two stimuli in each pair was random. Each stimulus had a steady state duration of either 50 or 400 ms. Additional raised-cosine rise/fall times of 5 ms were used. The frequency glide started at the start of the 5-ms onset ramp and finished at the end of the 5-ms offset ramp. The time interval between the stimuli was 500 ms. Lights were used to mark the observation intervals and to provide feedback. Subjects were allowed as long as they wanted to make a response. The next trial began one second after a response had been made. Subjects were tested individually in a double-walled sound-attenuating chamber.
C. Subjects
Three subjects were tested. One was author AS. The other two subjects were paid for their services. All subjects had absolute thresholds less than 20 dB HL at all audiometric frequencies and had no history of hearing disorders. All had previous experience in psychoacoustic tasks. They were given practice in all conditions until their performance ap-peared to be stable; this took between 10 and 15 h. The thresholds gathered during the practice sessions were discarded.
D. Results
The standard deviation of the threshold estimates ͑across the four runs for a given condition and subject͒ was roughly a constant proportion of the mean threshold value. Hence, in what follows, geometric means are used throughout, and analyses of variance ͑ANOVAs͒ are based on the logarithms of the threshold values. Also, thresholds will be plotted on logarithmic scales. The pattern of results was similar across subjects, so only data averaged across subjects ͑geometric means͒ will be presented. We consider first whether there are systematic differences between thresholds for up glides and for down glides. Madden and Fire ͑1997͒ reported higher thresholds for 50-ms down glides than for 50-ms up glides, although they offered no explanation for this. They pointed out that the results of previous studies on glide detection are inconsistent in whether they found an effect of glide direction. Figure 1 shows thresholds from the present experiment for each transition span. They are expressed as a proportion of the ERB at each center frequency ͑i.e., as number of ERBs͒, and averaged across center frequencies. The left column shows results for the 50-ms glides, and the right column shows results for the 400-ms glides. The three rows show results for the three different amount of random level glide: 0 ͑top͒, Ϯ10 to Ϯ20 dB ͑middle͒ and Ϯ30 to Ϯ40 dB ͑bot-tom͒. There is no clear effect of glide direction at either duration, regardless of the amount of superimposed level glide, although there is a slight trend for better performance with up glides for the transition span of 0. The geometric mean thresholds across all center frequencies, transition spans, amounts of glide and durations were 0.47 ERBs for up glides and 0.48 ERBs for down glides. and Fire ͑1997͒, except that overall our subjects performed slightly more poorly than theirs. This might reflect individual differences, or it might reflect the fact that we roved the center frequency of the stimuli over a greater range than they did; we used a 2-ERB range, which corresponds to about 25% of the center frequency, whereas they used a range of 10% of the center frequency. As noted earlier, in our experiment the smallest possible threshold that could be achieved by monitoring the start or endpoint frequency is 0.94 ERBs. Most of the thresholds were below that limit, indicating that the task was not performed by monitoring the start or endpoint frequency. The effect of altering the rove range is examined in experiment 2.
Thresholds did not differ systematically for transition spans of 0 and 0.5 ERBs. On average, they increased slightly for a transition span of 1 ERB, and increased more for a span of 2 ERBs. There was no clear effect of duration. There was a trend for performance to be better at 2 kHz than at 0.5 or 6 kHz, especially for the 0-and 0.5-ERB transition spans. A similar trend was observed by Madden and Fire ͑1996͒. The introduction of moderate glides in level ͑middle row͒ had no overall effect on the thresholds. However, the introduction of larger glides in level ͑bottom panel͒ led to thresholds that were markedly higher.
To assess the statistical significance of these effects, a within-subjects analysis of variance ͑ANOVA͒ was conducted on the logarithms of the threshold values, with factors duration, direction of frequency glide, center frequency, transition span, and amount of level glide. The main effects of duration and direction of frequency glide were not significant at the 0.05 level. The main effect of transition span was highly significant; F(3,6)ϭ50.4, pϽ0.001. Post hoc tests showed that mean thresholds did not differ significantly for the 0-and 0.5-ERB spans. The mean threshold was greater for the 1-ERB span than for the 0-and 0.5-ERB spans (p Ͻ0.01) and was greater for the 2-ERB span than for the 1-ERB span (pϽ0.001). The main effect of amount of glide in level was highly significant; F(2,4)ϭ175.8, pϽ0.001. Post hoc tests showed that mean thresholds did not differ significantly for the condition with no glides in level and the condition with moderate glides in level. The mean threshold for the condition with large glides in level was significantly greater than for the two other conditions (pϽ0.001). The main effect of center frequency was significant; F(2,4)ϭ57.1, pϽ0.001. Post hoc tests showed the performance was significantly better at 2 kHz than at 0.5 kHz ( p Ͻ0.01) and at 6 kHz (pϽ0.001). Performance was also significantly better at 0.5 kHz than at 6 kHz (pϽ0.05).
Three of the two-way interactions were significant. The interaction between transition span and center frequency ͓F(6,12)ϭ44.9, pϽ0.001͔ reflects the fact that, for the 0-and 0.5-ERB transition spans, performance was better at 2 kHz than at the other two frequencies, whereas for the larger transition spans there was little effect of center frequency. The interaction between amount of glide in level and duration ͓F(2,4)ϭ39.4, pϭ0.002͔ reflects the fact that, performance was slightly better for the shorter duration with the moderate glides in level, but this was not true for when there were no glides or large glides in level. The interaction between transition span and duration ͓F(3,6)ϭ31.0, pϽ0.001͔ reflects the fact that performance was slightly better for the 50-ms duration for the 0-ERB transition span, but not for the other spans. However, it should be noted that each of these interactions accounted for only a small proportion of the variance in the data ͑4% or less͒.
E. Discussion
Consistent with the results of Madden and Fire ͑1996, 1997͒, thresholds expressed in ERBs did not vary greatly with center frequency. Nevertheless, average thresholds at 2 kHz were significantly lower than at the two other center frequencies, and average thresholds at 0.5 kHz were lower than at 6 kHz. These effects of frequency would not be predicted by excitation-pattern models. Contrary to what might be expected on the basis of excitation-pattern models, the addition of random glides in level of moderate extent had very little effect on performance. Performance worsened only when very large random glides in level were used, and even then it worsened by an average factor less than two.
The Appendix describes how to calculate the amount of disruption of performance that would be expected on the basis of an excitation-pattern model, assuming perfect resolution of intensity changes. It shows that the extra change in excitation level produced by the larger frequency glide in the signal interval would have to be at least 5.9 dB to achieve 70.7% correct for the two conditions in which random glides in level were present. Assuming excitation-pattern slopes corresponding to the average values published by Glasberg and Moore ͑1990͒, this requires a value of ⌬F of about 0.34 ERBs. For a center frequency of 2 kHz, and for the condition with random glides in level of Ϯ10 to Ϯ20 dB, thresholds for the two smaller transition spans ͑0 and 0.5 ERBs͒ were smaller than this, at about 0.25 ERBs. This makes it unlikely that subjects performed the task simply by monitoring changes in excitation level on the low-frequency side of the excitation pattern. However, if subjects had excitation patterns with steeper slopes than the average values assumed in the method of Glasberg and Moore, then changes in excitation level might have provided usable cues. For the other center frequencies and spans, and for all center frequencies and spans with the larger level glides, thresholds were greater than 0.34 ERBs. Thus in these cases, we cannot rule out the possibility that subjects performed the task by monitoring changes in excitation level on the low-frequency side of the excitation pattern.
However, the calculations in the Appendix assumed perfect resolution of changes in excitation level. In practice, resolution is far from perfect. The thresholds for detecting frequency glides ͑i.e., for a transition span of 0͒ in the absence of level glides were about 0.2 to 0.5 ERBs. This corresponds to changes in excitation level of about 3.5 to 8.5 dB. Thus when random glides in level were present, limitations in the resolution of changes in excitation level would have led to thresholds considerably higher than those associated with a change in excitation level of 5.9 dB.
Further analysis leads to the conclusion that performance was not based on the detection of changes in excitation level on one side of the excitation pattern, at least for the condition in which moderate glides in level were used. Denote the threshold measured with no glide in level by ⌬F 0 . This is the extra change in frequency in the signal interval needed for Pϭ0.707 correct, which corresponds to a detectability index, dЈ, of 0.76. Assume now that random glides in level between Ϯ10 and Ϯ20 dB are superimposed, and the proportion correct is measured with ⌬F fixed at ⌬F 0 . On half of the trials ͑corresponding to the combination of cases 1 and 2 in the Appendix͒ performance will be at chance ( P ϭ0.5). On the other half of the trials, performance can be no better than Pϭ0.707; in practice it would be lower than P ϭ0.707 correct because of the random size of the added level glides. Therefore, the highest possible proportion correct is Pϭ͑0.5ϫ0.5͒ϩ͑0.5ϫ0.707͒ϭ0.603. This corresponds to a value of dЈ of 0.36, less than half the value when no glides in level were present. To restore the value of P to 0.707, one would expect to have to increase the value of ⌬F, by an amount depending on the slope of the psychometric function. We were unable to find data on psychometric functions for frequency glide detection. However, data on the frequency discrimination of pulsed tones and the detection and discrimination of frequency modulation suggest that dЈ is proportional to ⌬F raised to a power between 1 and 2 ͑Jesteadt and Sims, 1975; Moore and Sek, 1992 , 1994 . Thus we would expect to have to increase the value of ⌬F by a factor between about 1.4 and 2. In fact, thresholds were almost the same when no level glides were present and when level glides between Ϯ10 and Ϯ20 dB were present; the overall geometric mean threshold was 0.385 for the former and 0.389 for the latter. Thus moderate glides in level did not disrupt performance as much as would be predicted if subjects performed the task by monitoring changes in excitation level on the low-frequency side of the excitation pattern. We can conclude that an excitationpattern model based on this assumption is not tenable.
II. EXPERIMENT 2 A. Rationale
The thresholds for our subjects were somewhat higher than those reported by Madden and Fire ͑1997͒. As noted earlier, this might reflect the fact that we roved the center frequency of the stimuli over a greater range than they did; we used a 2-ERB range, which corresponds to about 25% of the center frequency, whereas they used a range of 10% of the center frequency. To assess whether this explanation was plausible, experiment 2 examined the effect of altering the rove range of the center frequency. A second reason for performing this experiment was to assess whether subjects make use of the start and/or endpoint frequencies of the stimuli when they provide reliable cues, i.e., when the center frequency is not roved or is roved over a very small range. If this is the case, then even a moderate rove range of the center frequencies of the stimuli should affect performance. On the other hand, if subjects make use of frequency changes per se, then roving the center frequency over a moderate range should have little effect on performance.
B. Method
The procedure and the method of stimulus generation were the same as for experiment 1. Thresholds for detecting upward and downward frequency glides were measured using a carrier frequency of 2 kHz and a standard transition span of 1 ERB. The stimuli were either fixed in level at 70 dB SPL, or had random glides in level of Ϯ30 to Ϯ40 dB. The center frequency of the stimuli was randomly varied within an overall range of 0, 0.1, 0.5, 1, 2, or 4 ERBs ͑rect-angular distribution͒. The rove range was fixed within a block of trials, but varied across blocks. Three subjects were used. Two were the same as for experiment 1. The new subject had extensive experience in similar tasks. All had audiometric thresholds better than 20 dB HL at all audiometric frequencies. The new subject was trained for about 10 h, after which performance appeared to be stable.
C. Results
The pattern of results was similar across subjects. Also, thresholds were similar for up glides and down glides. Figure  3 shows the thresholds for each rove range of the center frequency, averaged across subjects and glide directions and expressed as a proportion of the ERB. The horizontal lines show the thresholds that would be expected if subjects made optimal use of the start or endpoint frequencies; these lines are not shown for rove ranges of 0 and 0.1 ERBs, since they would fall below the value of 0.1 used as the baseline. Open bars show thresholds when the level was constant. For this condition, the mean threshold increased when the rove range in center frequency was increased from 0 to 0.5 ERBs, but remained almost constant when the range was increased from 0.5 to 2 ERBs; this last value is the same as used in experiment 1. The mean threshold roughly doubled when the rove range in center frequency was increased from 2 to 4 ERBs. For rove ranges up to 0.5 ERBs, thresholds are higher than FIG. 3 . Results of experiment 2, averaged across subjects and glide directions. Thresholds are plotted for each range over which the center frequency was randomly varied. Open bars show thresholds with the level fixed and shaded bars show thresholds with glides in level varying randomly over the range Ϯ30 to Ϯ40 dB. Horizontal lines indicate the best performance that could be achieved based on the start or endpoint frequencies of the stimuli. The lines are not shown for the rove ranges of 0 and 0.1 ERBs, as they would fall below the arbitrary baseline of 0.1. Error bars indicate Ϯ one standard error across subjects.
the limit that would be expected if subjects made optimal use of the start or endpoint frequencies. For rove ranges of 1-4 ERBs, thresholds are clearly below that limit. The fact that performance did not worsen markedly when the rove range was increased from 0.5 to 2 ERBs suggests that subjects were not using the start or endpoint frequencies when the rove range was 0.5 ERBs, even though these frequencies potentially provided useful cues.
The results when the random glides in level were present ͑shaded bars͒ tend to show a progressive increase in threshold with increasing rove range of the center frequency beyond 0.1. The thresholds increased by a factor of about 2.4 when the rove range was increased from 0.1 to 2 ERBs. For rove ranges up to 1 ERB, thresholds are higher than the limit that would be expected if subjects made optimal use of the start or endpoint frequencies. For rove ranges of 2 and 4 ERBs, thresholds are below that limit. Thus for the smaller rove ranges, subjects might have been making use of the start and/or endpoint frequencies.
A within-subjects ANOVA was conducted on the logarithms of the thresholds, with factors rove range of center frequency, amount of glide in level, and glide direction. The main effect of rove range of center frequency was highly significant; F(5,10)ϭ20.3, pϽ0.001. The main effect of amount of glide in level was also significant; F(1,2)ϭ23.0, pϭ0.041. The main effect of glide direction was not significant. The interaction of rove range of center frequency and amount of glide in level approached, but did not reach significance at the 0.05 level; F(5,10)ϭ2.75, pϭ0.082. Post hoc tests showed that, when no glides in level were present, thresholds increased significantly when the rove range in center frequency was increased from 0 to 0.5 ERBs (p Ͻ0.02), but did not change significantly over the range 0.5 to 2 ERBs. When glides in level were present, thresholds increased significantly when the rove range in center frequency was increased from 0 to 1 ERB ( pϽ0.002), from 0.1 to 1 ERB (pϽ0.01), and from 0.5 to 2 ERBs (pϽ0.01).
The results when the level was constant are broadly consistent with earlier work. Madden and Fire ͑1996͒ measured thresholds for the detection and discrimination of 50-ms frequency glides which were either fixed in center frequency or roved in center frequency over a range of 0.1 of the center frequency. They found significantly higher thresholds for the latter. Madden and Fire ͑1997͒ mentioned a pilot experiment in which they found an effect of rove range for longer signals, again using a rove range of either 0 or 0.1 of the center frequency. Our results showed that performance worsened somewhat, relative to the no-rove condition, when the center frequency was roved by a small amount, but it did not worsen as the rove range was increased from 0.5 to 2 ERBs.
Part of the motivation for this study was to assess whether the difference in performance of our subjects and those of Madden and Fire ͑1997͒ could be explained by our use of a greater rove range for the center frequency. The results of experiment 2 suggest that the difference cannot be explained in this way; when no glides in level were present, thresholds were very similar for rove ranges from 0.5 to 2. Probably, individual differences are the source of the discrepancy across studies. Madden ͑personal communication͒ has indicated that two of the subjects of Madden and Fire ͑1997͒ had thresholds similar to the mean values of our subjects, while two had smaller thresholds.
In summary, when no glides in level were present, the mean threshold increased slightly when the rove range in center frequency was increased from 0 to 0.5 ERBs, but remained almost constant when the range was increased from 0.5 to 2 ERBs. These results suggest that subjects were not using the start or endpoint frequencies when the rove range was 0.5 ERBs, even though these frequencies potentially provided useful cues. When glides in level were present, the thresholds increased more progressively with increasing rove range of the center frequency. For rove ranges up to 1 ERB, subjects may have been using the start and/or endpoint frequencies of the glides as cues. However, for the rove ranges of 2 and 4 ERBs, thresholds were too low to be explained in this way.
III. EXPERIMENT 3 A. Rationale
In experiment 3, we modified the stimulus conditions to make it much more difficult for subjects to perform well by monitoring changes in excitation level on one side of the excitation pattern. Two modifications were made. First, the glides in level were made to vary randomly over the range Ϫ20 to ϩ20 dB or Ϫ40 to ϩ40 dB. In other words, unlike in experiment 1, the range of random glides in level included small glides. Secondly, the adaptive procedure was changed from a two-down one-up procedure tracking 70.7% correct to a three-down one-up procedure tracking 79.4% correct. Following arguments given by Green ͑1988, pp. 19-21͒, it can be shown that the extra change in excitation level produced by the larger frequency glide in the signal interval would have to be at least 14.3 dB for the Ϯ20-dB range of level glides and 28.7 dB for the Ϯ40-dB range of level glides. The experiment was intended to provide a more stringent test of the simple excitation-pattern model.
B. Method
The procedure was similar to that of the previous two experiments except that a three-down one-up adaptive tracking rule was used. The steady state duration of the stimuli was 400 ms and center frequencies of 0.5, 2, and 6 kHz were used. The standard transition span was either 0 or 2 ERBs. Only upward glides in frequency were used. Based on the results of experiment 2, the rove range in center frequency was chosen to be 4 ERBs ͑Ϯ2 ERBs around the nominal value͒, to make it very difficult for subjects to perform the task by monitoring the start or endpoint frequencies of the stimuli. In one set of conditions, there were no glides in level; all stimuli had a level of 70 dB SPL. In the other two sets of conditions, glides in level ranging randomly from Ϫ20 to ϩ20 dB or from Ϫ40 to ϩ40 dB were used. The glides were linear in dB/s, and the level at the center of each glide was 70 dB SPL. The subjects were the same as for experiment 2.
C. Results
The pattern of results was similar across subjects. Geometric mean thresholds across subjects are shown in Fig. 4 . Each panel shows results for one range of the random glides in level. Thresholds were clearly higher for the larger standard transition span ͑shaded bars͒ for all ranges of the random glides in level. Thresholds generally increased with increasing range of the random glides in level, although the increase in threshold was small for the 0-ERB standard transition span for the frequencies of 0.5 and 2 kHz. A withinsubjects ANOVA was conducted on the logarithms of the thresholds with factors: standard transition span, center frequency, and range of the random glides in level. The main effect of transition span was highly significant, and accounted for most of the variance in the data; F (1,2) ϭ135.2, pϭ0.007. The main effect of center frequency was significant ; F(2,4)ϭ17.08, pϭ0.011 . This reflects the fact that performance was somewhat worse at 6 kHz than at the two lower center frequencies, although this occurred only for the 0-ERB transition span. The main effect of the range of the random glides in level was also significant; F(2,4) ϭ16.77, pϭ0.011, reflecting the fact that performance worsened as the range increased. The interaction of transition span and center frequency was significant; F(2,4)ϭ40. 22, pϭ0.002 . This reflects the fact that, for the 0-ERB transition span, performance was worse at 6 kHz than at the two lower frequencies, whereas for the 2-ERB span it was not.
We will consider separately the results for the 0-ERB and 2-ERB standard transition spans. For the former, all thresholds are smaller than would be expected if subjects based their performance on monitoring the start or endpoint frequencies of the stimuli. Given that the center frequency was roved over a 4-ERB range, the lowest possible threshold that could be achieved in this way is 1.88 ERBs. Therefore, we can be confident that performance was based on the changes in the stimuli, rather than on their start or endpoint frequencies.
Consider now the effect of introducing the random glides in level. As described earlier, if performance were based on the detection of changes in excitation level on one side of the excitation pattern, the extra change in excitation level produced by the larger frequency glide in the signal interval would have to be at least 14.3 dB for the Ϯ20 dB range of level glides and 28.7 dB for the Ϯ40 dB range of level glides. Based on the excitation-pattern model of Glasberg and Moore ͑1990͒, these correspond to extra changes in frequency of 0.82 and 1.65 ERBs, respectively. For the Ϯ20-dB range of level glides, the threshold is close to the theoretical limit at a center frequency of 0.5 kHz, but is slightly below that limit at 2 kHz. The threshold is above the theoretical limit at 6 kHz. For the Ϯ40-dB range of level glides, the thresholds are clearly lower than the theoretical limit at 0.5 and 2 kHz. Thus in these two cases we can confidently conclude that performance was not based on monitoring changes in excitation level on one side of the excitation pattern. At 6 kHz, the threshold ͑1.42 ERBs͒ is still somewhat below the theoretical limit. Therefore, it appears that, for all three center frequencies, performance for the 0-ERB standard transition span was not based on monitoring changes in excitation level on one side of the excitation pattern, at least when large glides in level were present.
Consider now the results for the 2-ERB standard transition span. In the absence of glides in level, thresholds for all three center frequencies were smaller than would be expected if subjects based their performance on monitoring the start or endpoint frequencies of the stimuli. When glides in level were present, thresholds were close to the theoretical limit of 1.88 ERBs for the Ϯ20-dB level glides, and generally above that limit for the Ϯ40-dB level glides. Thus performance could have been based on monitoring the start and/or endpoint frequencies of the stimuli. However, the limit of 1.88 ERBs represents what could be achieved if resolution of the start or endpoint frequencies of the stimuli were perfect. In fact, such resolution would be far from per- ͑Henning, 1966; Emmerich et al., 1989͒. Thus it seems very unlikely that performance was based on monitoring the start and/or endpoint frequencies of the stimuli, especially for the Ϯ20-dB level glides.
Thresholds in the presence of the random glides in level were generally above the theoretical limits that would be expected if performance were based on the detection of changes in excitation level on one side of the excitation pattern. Thus for the 2-ERB standard transition span when random glides in level were present, the simple excitationpattern model cannot be ruled out.
IV. GENERAL DISCUSSION
The results of experiment 1 showed that the detection and discrimination of frequency glides was not affected by the addition of random glides in level over the range Ϯ10 to Ϯ20 dB. The results of experiment 3 showed that, for a transition span of 0 ERBs, performance was better than would be expected if subjects made optimal use of the start or endpoint frequencies of the stimuli, and was also better than would be expected if subjects made optimal use of changes in excitation level on one side of the excitation pattern. It can be concluded that, at least for these conditions, subjects were discriminating the glides in frequency per se, but they were not doing this by monitoring changes in excitation level on just one side of the excitation pattern.
It is possible that performance depended somewhat on the use of temporal information ͑phase locking͒. If this were the case, we would expect thresholds in ERBs to increase markedly for the center frequency of 6 kHz, since phase locking is very weak or absent at that frequency ͑Johnson, 1980; Palmer, 1995͒. Thresholds in tasks thought to depend on phase locking, such as the frequency discrimination of pulsed tones, show a marked increase at high frequencies ͑Henning, 1966; Moore, 1973; Sek and Moore, 1995͒ . Two of the subjects of experiment 3 had taken part in other experiments measuring frequency discrimination of pulsed tones. Their thresholds in ERBs were, on average, a factor of 4.5 larger at 6 kHz than at 2 kHz. The results of our experiments did generally show higher thresholds at 6 than at 2 kHz, but the difference was not very large. The largest difference was in experiment 3 for the 0-ERB standard transition span with random level glides in the range Ϯ40 dB, where the threshold was a factor of 2.1 larger at 6 kHz than at 2 kHz. The corresponding factor with the smaller range of glides in level was 1.76. In experiment 1, the effect of center frequency was somewhat smaller, although mean thresholds were significantly lower at 2 kHz and at 0.5 kHz than at 6 kHz.
It is possible, then, that information derived from phase locking had some influence on the results for the two lower center frequencies. We described in the introduction the concept that the mechanism based on phase locking is sluggish and cannot track rapid changes in frequency. If phase locking information was being used in the glide-discrimination task, one would expect it to play a greater role for small standard transition spans than for large spans, since the rate of change of frequency is smaller for the former. The results of experiment 3 provide some support for this idea, especially when large random glides in level were present. Thresholds for the 0-ERB standard transition span increased markedly at 6 kHz, whereas thresholds for the 2-ERB standard span did not change markedly with frequency. The results of experiment 1 showed comparable effects of transition span; for the 0-and 0.5-ERB spans, thresholds tended to be lower at 2 kHz than at 6 kHz, whereas for the 2-ERB span, thresholds varied little with center frequency.
If performance was based mainly on place information, derived from the excitation pattern, then information from the two sides of the excitation pattern must have been compared; otherwise the random glides in level would have had larger effects. Such a comparison would allow changes in frequency to be dissociated from changes in level. For example, a frequency increase would lead to a decrease in excitation level on the low-frequency side of the pattern and an increase on the high-frequency side. An increase in level would lead to an increase in excitation level on both sides of the excitation pattern.
A model incorporating these concepts was proposed by Demany and Semal ͑1986͒, as an elaboration of a model of Hartmann and Klein ͑1980͒; these models were intended to account for the perception of AM and FM at low rates. Demany and Semal proposed that the peripheral excitation pattern was transformed by processes such as saturation and lateral inhibition into a central excitation pattern with sharp edges. This pattern was assumed to be defined by the tonotopic coordinates of its two edges, labeled as a and b. The separate perceptual attributes of pitch and loudness were extracted from the values of a and b; pitch was assumed to be related to the point midway between a and b, while loudness was assumed to be related to the distance between a and b. In principle, this model could account for our finding that moderate random glides in level had little or no effect on the ability to detect and discriminate glides in frequency.
It should be noted that changes in frequency cannot always be distinguished from changes in level. For example, Moore and Sek ͑1995͒ measured psychometric functions for the detection of AM or FM using carrier frequencies of 125, 1000, and 6000 Hz, and modulation rates of 2, 5, and 10 Hz. Then, pairs of values of AM and FM were selected that would be equally detectable, and psychometric functions were measured for the discrimination of AM from FM. For carrier frequencies of 125 and 1000 Hz, the ability to discriminate AM from FM was always poorest at the highest modulation rate ͑10 Hz͒; at this rate some subjects were essentially unable to discriminate AM from FM when the detectability of the modulation was relatively low (dЈ of 1.16 and below͒. For a modulation rate of 2 Hz, and when the detectability of the modulation was moderate (dЈ up to about 2͒, some subjects discriminated the type of modulation as well as they detected the modulation. For a carrier frequency of 6000 Hz, the effect of modulation rate varied across subjects, but there was still a trend for poorer discrimination of modulation type at the highest modulation rate.
In the present experiments, it appears that subjects were partly able to distinguish glides in frequency from glides in level, at least in some conditions, as moderate random glides in level had little effect on the detection and discrimination of frequency glides. In this context it is noteworthy that, in experiment 1, the duration of the glides had little effect. Shorter durations were associated with greater rates of change of frequency. One might have expected, based on the effect of modulation rate described above, that introducing random glides in level would have a greater effect for the shorter duration. The results do not support this expectation ͑see Fig. 2͒ .
In experiment 1, increasing the standard transition span from 0 ERBs to 2 ERBs resulted in an increase in threshold by an average factor of 1.9. In experiment 3, the average factor was 2.5. Madden and Fire ͑1996, 1997͒ found that thresholds were about a factor of 2 larger for a transition span of 2 ERBs than for a span of 0 ERBs. Tyler et al. ͑1983͒ also found larger thresholds for a gliding frequency standard than for a fixed standard. The increases in threshold with increasing transition span are consistent with the idea that, for transition spans above a certain value, Weber's law, or something close to it, may apply to glide discrimination ͑Dooley and Moore, 1988b͒ . In other words, the threshold change in glide extent increases in proportion with the standard transition span. Data for larger transition spans are needed to establish how accurately this holds.
V. CONCLUSIONS
͑1͒ Subjects could detect and discriminate glides in frequency when the start and endpoint frequencies of the stimuli were made unreliable cues, by roving of the center frequency. The results suggest that subjects were not using the start or endpoint frequencies when the rove range was 0.5 ERBs, even though these frequencies potentially provided useful cues. Subjects appear to be sensitive to the glide extent or glide rate.
͑2͒ The addition of glides in level varying randomly in direction and extent impaired the detection and discrimination of frequency glides when the glides in level were very large. However, glides in level of moderate extent had little or no effect on performance. In some conditions, thresholds were lower than the best that could be achieved by monitoring changes in excitation level on one side of the excitation pattern.
͑3͒ Thresholds did not differ significantly for upward and downward glides in frequency.
͑4͒ As found by Madden and Fire ͑1997͒, thresholds did not change significantly with duration ͑50 or 400 ms͒.
͑5͒ For small standard transition spans, thresholds expressed in ERBs tended to be slightly lower at 0.5 and 2 kHz than at 6 kHz, which may indicate a role for phase locking information at lower frequencies when the rate of change of frequency is small. For the 2-ERB standard transition span, thresholds did not vary markedly with center frequency ͑0.5, 2, or 6 kHz͒, which is broadly consistent with the idea that performance was based on some aspect of the excitation pattern.
͑6͒ Thresholds increased when the standard transition span was increased from 0.5 to 2 ERBs.
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APPENDIX: CALCULATION OF THE DISRUPTION TO PERFORMANCE EXPECTED FROM AN EXCITATION PATTERN MODEL
This Appendix describes the disruption of performance that would be expected on the basis of an excitation-pattern model when large glides in level, as used in experiment 1, are superimposed on the glides in frequency. Assume that the task was performed by monitoring the low-frequency sides of the excitation patterns evoked by the stimuli. Consider the task of detecting or discriminating an upward glide in frequency. An appropriate decision rule is: select the interval giving the larger decrease in excitation level. The question addressed next is: how well could subjects perform using such a rule when random glides in level were superimposed on all stimuli? The analysis given below assumes perfect resolution of changes in excitation level. In other words, the analysis is intended to determine the best performance that could be obtained if there were no internal source of variability.
The larger frequency transition in the signal interval leads, on average, to a larger decrease in excitation level in the signal interval. We denote this extra decrease in excitation level by X. We assume that the changes in excitation level produced by the glides in level are large compared with X; this assumption turns out to be reasonable. Four cases can be considered, each of which has a probability of occurrence of 0.25. Case 1: The glide in level is upward in the signal interval and downward in the standard interval. In this case the subject is always wrong. Case 2: The glide in level is downward in the signal interval and upward in the standard interval. In this case the subject is always correct. Case 3: The glide in level is upward in both intervals. In this case, the probability of being correct depends on the value of X and on the range, R, over which the glide in level was randomly varied. In our experiment, R was always 10 dB; the range was either 10-20 dB or 30-40 dB. Following arguments given by Green ͑1988, pp. 19-20͒, the probability, P, of being correct is PϭX/Rϩ0.5Ϫ0.5͑X/R ͒ 2 .
Case 4: The glide in level is downward in both intervals. This is similar to case 3, and the probability of being correct is the same. Since each of the four cases has a probability of occurrence of 0.25, the overall probability of being correct is:
